Objective: This study investigates the interaction between brain lesion location and monoamine oxidase A (MAO-A) in the genesis of aggression in patients with penetrating traumatic brain injury (PTBI).
One of the genes that has been linked with aggression is the monoamine oxidase A (MAO-A) gene, 3 which catalyzes oxidative deamination of amines. Compared to MAO-B, MAO-A presents with a higher affinity for serotonin, i.e., one of the neurotransmitters believed to be more involved in pathologic aggression. 2, 3 Among the polymorphic sites described in the MAO-A gene, a common variable number tandem repeat (VNTR) polymorphism is thought to be particularly relevant for aggression. This polymorphism encodes 2 distinct functional variants: 1) a high-activity (3.5 and 4 repeats) and 2) a low-activity allele (2, 3, and 5 repeats). 4 The low-activity allele compared with the highactivity variant has been shown to present with relatively lower transcriptional activity 4 and to be potentially related to aggressive behaviors. 3, 5, 6 Pathologic aggression has been associated with prefrontal cortex (PFC) alterations in ventromedial areas 7 but also in the orbitofrontal and anterior cingulate cortices, 2,7-9 suggesting a pivotal role for a complex PFC-based network in aggression.
The goal of this study was to examine the effect of the interaction between location of brain damage and the MAO-A VNTR polymorphism on aggressive behaviors in subjects with PTBI and their impact on the relationship between psychological trauma and PTBI-related aggression.
METHODS Subjects and behavioral evaluation. Enrolled subjects were drawn from the Vietnam Head Injury Study (VHIS) phase 3 registry as described elsewhere. 10 We conducted phase 3 between 2003 and 2006 at Bethesda National Naval Medical Center (36 -39 years postinjury). Each subject underwent neurologic and psychiatric examinations and a noncontrast brain CT scan. Preinjury characteristics and clinical follow-up data of the participants were available from military and Veterans Administration records. Subjects with a diagnosis of alcohol or substance abuse disorder, dementia, or psychotic disorder as assessed by clinical data were not considered eligible.
We enrolled 155 male Vietnam-era veterans with PTBI due to low-velocity missile wounds. These subjects were divided into 2 groups according to the involvement of PFC territories (see below): the PFC lesion group (106 subjects) and the non-PFC lesion group (49 subjects). We also enrolled 42 healthy male subjects who served in Vietnam but did not sustain brain injuries. Demographic and clinical data (table) showed no differences in age (F 2,194 ϭ 2.8; p ϭ 0.06), education (F 2,194 ϭ 2.5; p ϭ 0.08), ethnicity (Pearson 2 ϭ 1.0; p ϭ 0.81), preinjury IQ (F 2,194 ϭ 2.0; p ϭ 0.08) as assessed with the Armed Forces Qualification Test (AFQT), 10 or depression (F 2,194 ϭ 1.8; p ϭ 0.16) assessed with the Beck Depression Inventory (BDI-II) 11 among the 3 groups (PFC lesion, non-PFC lesion, controls). Aggression levels were measured with the agitation/aggression subscale of the Neuropsychiatric Inventory (NPI-a), 12 a widely used tool for assessment of behavioral disturbances in neurologic patients. The NPI is based on a structured interview with a caregiver and evaluates the severity and frequency of psychopathology along different dimensions. For each dimension, frequency is rated 1-4 and severity is scored 1-3, while their product represents the total score. The NPI-a subscale has been used to quantify aggressive behaviors in patients with cognitive impairment 13 and as a treatment outcome measure in pharmaceutical intervention studies for aggression control in patients with TBI. 14 Because childhood psychological trauma and a diagnosis of posttraumatic stress disorder (PTSD) have been shown to potentially impact aggression levels, 5, 15 we evaluated early psychological trauma by administering the Early Trauma Inventory (ETI) 16 (a validated 56-item interview designed for the assessment of traumatic experiences in childhood), while current PTSD symptomatology was assessed using the Clinician-Administered PTSD Scale (CAPS) 17, 18 (a tool designed to assess PTSD symptoms according to the DSM-IV-TR). 19 Standard protocol approvals, registrations, and patient consents. All subjects gave informed written consent before enrollment in the study. The National Naval Medical Center and the NIH Institutional Review Boards approved all the study procedures.
CT imaging and lesion identification. Axial noncontrast
CT scans were acquired and analyzed as described in e-Methods on the Neurology ® Web site at www.neurology.org and in Raymont et al. 10 PFC territories were identified in each individual scan as described in e-Methods. Note that if the patient's lesion overlapped or partially overlapped with PFC territories, he was then included in the PFC lesion group; otherwise, he was included in the non-PFC lesion group.
Genotyping protocol. Genotyping for the MAO-A VNTR
was performed according to Ducci and collaborators. 20 Subjects were divided into 2 subgroups according to the VNTR MAO-A alleles (MAO-A high-activity group [3.5 and 4 repeats] and MAO-A low activity group [2, 3, and 5 repeats]) as reported in the table. The observed high-activity allele/low-activity allele ratio was 1.78, in line with published data. 4 MAO-A high-activity and low-activity groups demographic and clinical data were matched on age (t ϭ Ϫ0.2; p ϭ 0.85), education (t ϭ Ϫ1.0; p ϭ 0.29), ethnic background (Pearson 2 ϭ 0.3; p ϭ 0.62), preinjury IQ assessed with the AFQT 10 (t ϭ 1.4; p ϭ 0.15), and depression levels (t ϭ 0.76; p ϭ 0.45) 11 (table) .
Lesion maps. First, the relationship between lesion location
and aggressive behavior was explored using a lesion overlap approach. 18 Subjects were divided into 2 groups according to NPI-a scores: a nonaggressive group (n ϭ 60) showing no pathologically aggressive behaviors (NPI-a ϭ 0) vs an aggressive group (n ϭ 58) showing pathologically aggressive behaviors (NPI-a higher than the PTBI whole group mean: 1.2 Ϯ 1.3). Both groups were matched on preinjury AFQT percentile score (aggressive vs nonaggressive subjects: 59.9 Ϯ 1.2 vs 62.6 Overlap lesion maps were then generated for both groups; moreover, subtraction lesion maps were generated to show which areas were relatively more lesioned in the aggressive compared to the nonaggressive group and vice versa. To assess the significance of the prefrontal lesions distribution difference, a 2 test was applied comparing the frequency of subjects with prefrontal vs nonprefrontal lesions in the 2 groups.
Analysis of polymorphism/lesion interactions. Second, the interactions among MAO-A expression, lesion location, and trauma on aggression levels were explored. A 2 ϫ 3 analysis of covariance (ANCOVA) on NPI-a scores was conducted with genotype (MAO-A high-activity, MAO-A low-activity) and group (PFC lesion, non-PFC lesion, control) as betweensubjects factors and ETI scores and PTSD symptomatology as covariates. In a planned secondary analysis, t tests were then used to explore differences on NPI-a aggression scores between carriers of MAO-A high-activity and MAO-A low-activity alleles separately for each group (PFC, non-PFC, control). These analyses were performed using NPI-a scores adjusted for the ANCOVA covariates (NPI-a least square means).
Traumatic experiences and aggression. Third, the effects of PTBI and MAO-A expression on the relationship between aggressive behavior and early traumatic experiences as well as PTSD were explored. Spearman correlations were used to correlate NPI-a scores with ETI and PTSD symptoms separately for the 3 lesion groups (PFC, non-PFC, control).
Lesion volume and aggression. Finally, using Spearman correlations the percentage of PFC volume loss due to lesion was correlated with NPI-a scores separately for MAO-A high and MAO-A low allele carriers in the PFC and non-PFC groups. The subgroups were matched in volume loss (PFC: 3.4% Ϯ 0.3 vs 3.6% Ϯ 0.6, p ϭ 0.61; non-PFC: 2.4% Ϯ 0.3 vs 2.7% Ϯ 0.5, p ϭ 0.61).
Significance level for all analyses was set at p ϭ 0.05 (2tailed). All results are reported as means Ϯ standard errors.
RESULTS Lesion maps.
Lesion maps of the aggressive and nonaggressive groups are shown in figure 1. Subtraction lesion maps showing those brain regions that were more likely to contain a lesion in the aggressive group compared to the nonaggressive group and vice versa are shown in figure 2. Note the more focal involvement of PFC areas in the aggressive group compared to a more widespread lesion pattern in the nonaggressive group. In the aggressive group (58 subjects), 46 subjects presented with PFC lesions and 12 subjects presented with non-PFC lesions while in the nonaggressive group (60 subjects) 28 subjects presented with PFC lesions and 32 subjects presented with non-PFC lesions. 2 statistics revealed that PFC lesions were more represented in the aggressive compared to the nonaggressive group (p ϭ 0.001).
Analysis of polymorphism/lesion interactions.
Second, the interactions among MAO-A expression, lesion location, and trauma on aggression were explored. The 2 ϫ 3 ANCOVA on NPI-a scores revealed no main effects for genotype (F 1,184 ϭ 0.5; p ϭ 0.46) and group (F 2,184 ϭ 0.2; p ϭ 0.85), but an interaction effect for genotype ϫ group (F 2,184 ϭ 5.4; p ϭ 0.005) and an effect for both the covariates studied, i.e., the ETI score ( DISCUSSION The goals of this study were to examine the effect of the interaction between location of brain damage and MAO-A VNTR polymorphism on aggressive behaviors in subjects with PTBI, and to evaluate the effect of brain lesions and MAO-A activity on the relationship between psychological trauma and PTBI-related aggression. First, we demonstrated that PFC lesions are overrepresented in aggressive patients with PTBI compared to nonaggressive subjects with PTBI. Second, we showed an interaction between lesion localization and MAO-A activity on PTBI-related aggressive behavior. Although MAO-A low-activity allele carriers showed higher aggression than MAO-A high-activity allele carriers in the control group, the reverse effect was found in the non-PFC group, and no effect was found in the PFC
Figure 2 Lesion subtraction map between the aggressive and nonaggressive subjects
Red blobs represent those areas relatively more lesioned in the aggressive than in the nonaggressive group while the blue blobs represent those areas relatively more lesioned in the nonaggressive than in the aggressive group. Results are overlaid on Montreal Neurological Institute T1 brain standard template. Images in radiologic convention (left side of the brain is represented on the right side of the pictures). A greater likelihood of brain damage in prefrontal areas (especially ventral, medial, and frontopolar regions) can be seen for the aggressive vs nonaggressive group subtraction map. group. Finally, we showed a significant association between negative childhood experiences and PTSD symptomatology and aggression levels only for the control and non-PFC groups, but not for the PFC group. Our findings seem thus to suggest that PFC structural integrity is necessary to allow other factors such as MAO-A genotype, childhood experiences, and PTSD to modulate PTBI-related aggression.
Figure 3 Least squares means aggression/agitation subscale of the Neuropsychiatric Inventory (NPI-a) scores (mean ؎ SEM) corrected for Early Trauma Inventory scores and posttraumatic stress disorder symptoms for all experimental subjects divided according to monoamine oxidase A activity and lesion location
Our results in the normal group, showing a role for low-activity MAO-A allele on aggression levels, are consistent with previous studies. 5, 6, 9, 21 Absence of MAO-A activity has been shown to be related with aggressive antisocial behaviors in a Dutch kindred showing a MAO-A null point mutation 6 and in MAO-A knockout animal models. 21 Moreover, a seminal study of Caspi and collaborators 5 showed a significant relationship between MAO-A lowactivity allele and aggression subjects with negative childhood experiences. Finally, MAO-A represents one of the main modulators of serotonin levels, which are thought to play a key role in aggressive behaviors. 9 Regarding the role of specific brain areas in TPBIrelated aggression, our results reaffirm a key role for PFC territories in modulating aggression. Evidence of PFC involvement in aggressive behaviors has been shown in both functional neuroimaging and lesion studies. 7, 8, [22] [23] [24] [25] In healthy controls, functional neuroimaging studies showed both a reduction of ventral PFC activity during mental imagery of violent acts 8, 22 and an increase of ventral PFC activity during inhibition of impulsive behaviors. 23 Moreover, focal brain lesion studies revealed a relationship between ventral PFC structural alterations and verbal aggression in subjects with PTBI. 7 However, while ventromedial PFC is thought to play a pivotal role in aggression, other PFC regions including ventrolateral PFC and cingulate cortex 24, 25 are thought to play an important role as well.
Aside from PTBI, our results showed that other factors such as MAO-A genotype and psychologically traumatic experiences have a crucial influence on aggressive behavior. MAO-A alleles that alter expression levels have been shown to impact prefrontal structural and functional anatomy in previous neuroimaging studies. 23, 25 For example, during an emotional arousal task, carriers of MAO-A low-activity alleles showed reduced orbitofrontal activity compared to subjects with high-activity alleles. 25 Reduced prefrontal activity in MAO-A low-activity allele compared to high-activity allele carriers was also shown during a working memory task and during an impulse inhibition task in healthy subjects. 23 As both aggressive behaviors and reduced PFC activity have been associated with reduced MAO-A activity, and as low PFC activity has been linked with aggressive behaviors, MAO-A effects on aggression should be mediated through a modulation of PFC functions. This hypothesis is to be consistent with our observation of a lack of effect of MAO genotype on aggression levels in subjects with significant prefrontal PTBI.
Consistent with this observation, we also showed both a significant correlation between aggression and early traumatic experiences and PTSD in those subjects with PTBI without PFC lesions and in controls. Like MAO-A activity, negative experiences have also been related to frontal lobe structural and functional abnormalities. Reduced frontal volume has been shown in subjects who suffered childhood sexual abuse compared to controls in a volumetric MRI study, 26 while retrieval of traumatic childhood memories has been linked to reduced activations of orbitofrontal and medial frontal territories in subjects with borderline personality disorder. 27 These results suggest that factors such as MAO-A genotype, early traumatic experiences, and PTSD symptoms require an intact PFC in order to have a significant influence on aggressive behavior.
Finally, we observed increased levels of aggression in those subjects with non-PFC lesions and MAO-A high-activity allele. While the role of MAO-A low activity as a susceptibility factor for aggressive behaviors has been confirmed in a recent meta-analysis, 28 other studies have also shown a relationship between high MAO-A activity and clinical entities such as borderline personality disorder, 29 attention-deficit/ hyperactivity disorder, 30 antisocial conduct, 31, 32 and childhood externalizing behaviors. 28 Although to date the neurobiological basis of these conditions is not completely understood, they can be collectively characterized as impulsivity and behavioral dyscontrol problems. Consistent with our results, the relationship between behavioral dyscontrol (and thus inappropriate aggression) and the MAO-A highactivity alleles could be mediated by nonfrontal areas as suggested by a functional neuroimaging study of impulse inhibition. 23 In that study, the presence of the high-activity MAO-A allele correlated with reduced activation in posterior cortices, thus suggesting an effect of the MAO-A high-activity allele on posterior cortical functional anatomy. 23 In our non-PFC population, the MAO-A high-activity group had a higher NPI-a score than the MAO-A lowactivity group. We argue that a cumulative effect of reduced posterior cortex activity due to the MAO-A high allele 23 and lesion presence in the posterior cortex leads to a lower functioning impulse inhibition network and thus to inappropriate aggression. Our hypothesis is supported by the observation that for the non-PFC group increased lesion volume was associated with higher NPI-a scores in MAO-A highactivity allele carriers. However, further studies are needed to better clarify the effects of posterior cortices activity by TPBI and MAO-A polymorphisms on the key area of aggression control, i.e., the PFC.
Our data and the evidence reported in the literature suggest that several factors including genetic polymorphisms and brain damage may modulate aggressive behaviors via altered cognitive and social processes mediated by the PFC. However, we also showed that aggression levels in subjects with prefrontal PTBI are not modulated by MAO-A activity, early life experiences, or PTSD symptomatology, even though these factors are related to aggressive behaviors in subjects with posterior brain damage (but an intact PFC) and healthy controls.
One limitation of the current study is its reliance on combat veterans, i.e., a population trained to be aggressive and then exposed to experiences of physical aggression and bodily injuries. While this common background makes our subjects more homogeneous regarding previous exposure to aggression, studies on subjects without war-related experiences are needed to validate these findings in the general population.
Moreover, given the multifaceted nature of aggression, larger studies are needed to better quantify the relative importance of environmental, genetic, and brain structural factors in aggressive behaviors in different neurologic populations.
The differences in the effects of the MAO-A VNTR polymorphism on aggression between individuals without structural brain damage and those presenting with prefrontal or nonprefrontal PTBI seems to suggest that 1) different treatment protocols might be necessary for managing inappropriate aggressive behavior in patients with prefrontal or posterior lesions and 2) other factors ranging from the severity and frequency of previous traumatic experiences to genetic polymorphisms need to be taken into consideration when determining the effects of brain damage on aggression. Future studies are warranted to evaluate the clinical relevance of our observations regarding lesion location/polymorphism-guided pharmacologic (given the possible role of MAO-A in drug responses) and behavioral approaches (given the observed differences in negative experiences/aggression relationships we observed between the lesion groups) for PTBI-related aggression.
